Canine hemangiosarcoma (HSA) is a progressive malignant neoplasm that originates from vascular endothelial cells and accounts for 12--21% of canine mesenchymal tumors \[[@r5], [@r10], [@r25]\]. Tumors most commonly arise from or metastasize to the spleen, liver, heart or lungs; their highly metastatic behavior results in a 1-year survival rate of \<10% and a median survival time of 19--86 days in dogs treated with surgery alone and 179 days in those treated with combined chemotherapy and surgery \[[@r6], [@r13], [@r29], [@r30], [@r33],[@r34],[@r35], [@r37]\]. An effective treatment for HSA is yet to be established.

Receptor tyrosine kinases (RTKs) are often activated aberrantly in human cancers \[[@r11], [@r15]\], and inhibition of RTKs, such as c-kit, vascular endothelial growth factor receptor-2 (VEGFR-2) and platelet derived growth factor receptor-2 (PDGFR-2), reduces canine HSA cell viability \[[@r9]\]. Among canine tumors, anal sac apocrine gland adenocarcinoma was previously found to be positive for PDGFR-2 expression by immunohistochemistry \[[@r7]\], although RTK expression has not been investigated in canine HSA.

The phosphatidylinositol 3 kinase/Akt/mammalian target of rapamycin (PI3K/Akt/m-TOR) and mitogen-activated protein kinase (MAPK) pathways are activated by RTKs and are considered major oncogenic drivers in human hematological malignancies \[[@r26]\]. Inhibitors of the PI3K/Akt/m-TOR pathway are classic examples of targeted therapeutic agents \[[@r31]\]. This pathway has been a particular focus in studies of avian sarcoma tumorigenesis \[[@r8]\]. Furthermore, it was recently shown that the phosphorylation levels of Akt, m-TOR and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) were higher in canine HSA cell lines than in normal canine endothelial cells by western blotting \[[@r27]\], and the overexpression of phosphorylated Akt (p-Akt), phosphorylated m-TOR (p-m-TOR), 4E-BP1 and eukaryotic initiation factor 4E (eIF4E) was observed in canine dermal HSA by immunohistochemistry \[[@r28]\]. Both 4E-BP1 and eIF4E are downstream of the Akt/m-TOR pathway. However, activation of the PI3K/Akt/m-TOR pathway has not been demonstrated in canine splenic HSA.

Canine cardiac HSA tumor grafts were found to be sensitive to the MEK inhibitor PD0325901, suggesting that MEK signaling is necessary for the growth of HSA in mouse models and might therefore be a therapeutic target \[[@r2]\]. However, activation of the MAPK pathway has not been demonstrated in canine splenic HSA.

The aim of the present study was to investigate the overexpression of RTKs, the Akt/m-TOR pathway and the MAPK pathway in canine splenic HSA by using immunohistochemistry in order to identify possible molecular therapeutic targets.

MATERIALS AND METHODS {#s1}
=====================

*Samples*: A total of 10 surgically resected splenic HSAs from dogs were used for this study. These samples were submitted to the Laboratory of Veterinary Clinical Pathology at Hokkaido University for histological diagnosis between April 2012 and September 2014. In addition, two normal splenic samples taken from dogs that had died for reasons unrelated to this study were used for comparative analysis. Formalin-fixed tissues were processed routinely and embedded in paraffin wax. Samples were stained with hematoxylin and eosin for histological diagnosis or used in immunohistochemical analysis. The present study was approved by the Institutional Review Board of Hokkaido University Veterinary Teaching Hospital. All pet owners understood that the organ samples obtained from their dogs would be used in this study and gave their consent on this basis.

*Immunohistochemistry*: The standard 3-3′-diaminobenzidine-4HCl (DAB) technique was used for immunohistochemistry (Kyodo Byori Inc., Kobe, Japan). Paraffin-embedded samples were sectioned, dehydrated in xylene, rehydrated through a graded series of alcohols and rinsed in phosphate-buffered saline (PBS). For antigen retrieval, the sections were immersed in 10 mM citric acid buffer solution and heated for 10 min at 121°C in an autoclave. Sections were subsequently incubated in 3% H~2~O~2~ in distilled water for 15 min at room temperature (RT) and washed in PBS. To prevent nonspecific antibody binding, the sections were treated with Blocking One (Nacalai Tesque, Kyoto, Japan) for 10 min at RT. The sections were then incubated with the primary antibodies: anti-c-kit, anti-VEGFR-2, anti-PDGFR-2, anti-PI3K, anti-p-Akt, anti-p-m-TOR, anti-MEK1, anti-MEK2 or anti-p-extracellular signal-regulated kinase (ERK) ([Table 1](#tbl_001){ref-type="table"}Table 1.Primary antibodies used in immunohistochemical analysisPrimary antibodyHost (clone)DilutionCompanyc-kitRabbit1:50Santa CruzVEGFR-2Mouse1:250Santa CruzPDGFR-2Rabbit1:1,000Cell SignalingPI3KRabbit1:500Upstatephosphor-AktRabbit (D9E)1:50Cell Signalingphosphor-m-TORRabbit (49F9)1:500Cell SignalingMEK1Mouse (25/MEK1)1:1,000BD Transduction LaboratoriesMEK2Mouse (96/MEK2)1:1,000BD Transduction Laboratoriesphospho-p44/42 MAPK (ERK1/2)Rabbit1:100Cell Signaling) overnight at 4°C, and then washed with 0.05 M PBS and incubated with the secondary antibody: a peroxidase-labeled anti-mouse polyclonal antibody or anti-rabbit polyclonal antibody (Nichirei Biosciences Inc., Tokyo, Japan) for 30 min at RT. After an additional wash with PBS, the sections were incubated with DAB for 5 min at RT, washed, counterstained with Mayer's hematoxylin, dehydrated using sequential 70%, 85% and 100% ethanol solutions, and then incubated in xylene.

*Immunohistochemical evaluation*: Immunohistochemically stained sections were evaluated by microscopy (Biorevo BZ-9000, Keyence, Osaka, Japan). The HSA and normal spleen (control) sections were graded for staining intensity using a BZ-II Analyzer (Keyence). The percentage reflected the total area of positive cells out of the total area of all cells within the three randomly selected fields of view. The HSAs and controls were scored as follows: 1+, 10% to \<30% of positive cells; 2+, 30% to \<50% of positive cells; and 3+, ≥50% of positive cells. Samples with \<10% of positively labeled cells were considered negative.

RESULTS {#s2}
=======

*Clinical information and histological interpretation*: The clinical data from dogs with HSA or normal spleens are shown in [Table 2](#tbl_002){ref-type="table"}Table 2.Summary of clinical dataNo.BreedAge (years)SexHemangiosarcoma1Miniature dachshund9FN ^a)^2Miniature schnauzer11M ^b)^3Miniature schnauzer9M4Labrador retriever13MN ^c)^5Labrador retriever15M6Labrador retriever13FN7Golden retriever11M8Maltese10MN9Border collie13M10Labrador retriever10FNNormal spleen11Beagle9M12Mixed breed13MNa) FN, neutered female; b) M, male; c) MN, neutered male.. The mean age of the 10 dogs with HSA was 11.4 years (range, 9--15 years), and the mean age of the two normal dogs was 11 years (9 and 13 years). The male to female ratio in the HSA group was 2.3:1. Both of the normal dogs were male.

Microscopically, the HSA samples displayed various morphological features including vascular clefts or channels, and contained spindle and polygonal cells ([Fig. 1A--1C](#fig_001){ref-type="fig"}Fig. 1.Hematoxylin and eosin staining (× 400). (A) Hemangiosarcoma (HSA) showing polygonal tumor cells with some areas of vascular clefts or channels in Case 10. (B) HSA in Case 9. (C) HSA showing some polygonal tumor cells. Red blood cells were observed in vascular clefts or channels in Case 5. Bar, 60 *µ*m.).

*Immunohistochemistry*: The immunohistochemical staining intensities of the HSAs and normal spleens (controls) are shown in [Table 3](#tbl_003){ref-type="table"}Table 3.Immunohistochemical staining intensityNo.c-kitVEGFR-2PDGFR-2PI3KAktm-TORMEK1MEK2ERKHSA (%) ^a)^14.052.06.025.14.811.09.742.21.923.835.16.122.44.913.322.436.84.031.151.23.627.13.715.019.449.25.0420.934.735.928.54.711.611.433.728.352.312.42.220.42.64.66.419.41.962.231.236.532.91.96.827.548.42.471.635.52.722.52.415.920.132.12.0817.547.325.840.54.87.08.259.320.292.236.524.526.31.517.512.335.01.71010.837.44.137.22.711.716.832.72.1Average ^b)^6.637.314.828.33.411.415.438.97.0Control116.07.35.07.76.65.96.57.24.6(%)124.98.56.16.44.73.33.97.15.7Average5.47.95.57.15.74.65.27.25.1a) %, percentage of the totals of positive area per the totals of all area among three fields of vision chosen at random; b) Average, average of each percentage., and the immunohistochemical scores obtained for the HSAs and controls are shown in [Table 4](#tbl_004){ref-type="table"}Table 4.Immunohistochemical scoresNo.c-kitVEGFR-2PDGFR-2PI3KAktm-TORMEK1MEK2ERKHSA1- ^c)^3+-1+-1+-2+-2-2+-1+-1+1+2+-3-3+-1+-1+1+2+-41+2+2+1+-1+1+2+1+5-1+-1+\-\--1+-6-2+2+2+\--1+2+-7-2+-1+-1+1+2+-81+2+1+2+\-\--3+1+9-2+1+1+-1+1+2+-101+2+-2+-1+1+2+-% ^a)^1+ ^d)^301020700707010202+ ^e)^07020300008003+ ^f)^02000000100Total ^b)^30100401000707010020Control11\-\-\-\-\-\-\-\--12\-\-\-\-\-\-\-\--a) %, percentage of specimens with each staining score; b) Total, proportion of specimens with any positive score; c) -, \<10% of positive cells; d) 1+, 10% to \<30% of positive cells; e) 2+, 30% to \<50% of positive cells; f) 3+, \>50% of positive cells..

All 10 of the HSA samples (100%) expressed VEGFR-2 (1+, [Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.VEGFR-2 immunohistochemical staining (× 400). (A) Hemangiosarcoma (HSA) showing weak (1+) cytoplasmic and nuclear expression (arrowhead) in Case 5. (B) HSA showing strong (2+) cytoplasmic and nuclear expression (arrowheads) in Case 4. (C) HSA showing strong (3+) cytoplasmic and nuclear expression (arrowheads) in Case 1. (D) A normal spleen showing no expression (control), which may reflect the presence of VEGFR-2-expressing endothelial cells (arrowhead) and macrophages (arrow). The nuclei of lymphocytes show dense blue stain in Case 12. Bar, 60 *µ*m.), and 90% of these samples showed strong expression (2+, [Fig. 2B](#fig_002){ref-type="fig"}; and 3+, [Fig. 2C](#fig_002){ref-type="fig"}). Conversely, both normal spleens were negative for VEGFR-2 (control, [Fig. 2D](#fig_002){ref-type="fig"}). VEGFR-2 expression was higher in HSAs than in normal spleens. Only HSAs expressed c-kit (30%) and PDGFR-2 (40%).

All of the HSAs expressed PI3K (1+, [Fig. 3A](#fig_003){ref-type="fig"}Fig. 3.PI3K immunohistochemical staining (× 400). (A) Hemangiosarcoma (HSA) showing weak (1+) cytoplasmic and nuclear expression (arrowheads) in Case 1. (B) HSA showing strong (2+) cytoplasmic and nuclear expression (arrowheads) in Case 6. (C) A normal spleen showing no expression (control), which may reflect the presence of PI3K-expressing leukocytes (arrows), in Case 11. Normal endothelial cells show no expression. Bar, 60 *µ*m.), with strong expression observed in 30% of these cases (2+, [Fig. 3B](#fig_003){ref-type="fig"}). In contrast, PI3K was not expressed in the normal spleens (control, [Fig. 3C](#fig_003){ref-type="fig"}). A total of 70% of the HSAs were positive for p-m-TOR, while normal spleens were negative. PI3K and m-TOR expression was higher in HSAs than in normal spleens. None of the specimens stained positively for p-Akt compared to the positive control (not shown).

All of the HSAs expressed MEK2 (1+, [Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.MEK2 immunohistochemical staining (× 400). (A) Hemangiosarcoma (HSA) showing weak (1+) cytoplasmic and nuclear expression (arrowheads) in Case 5. (B) HSA showing strong (2+) cytoplasmic and nuclear expression (arrowheads) in Case 2. (C) HSA showing strong (3+) cytoplasmic and nuclear expression (arrowheads) in Case 8. (D) A normal spleen showing no expression (control), which may reflect the presence of weak MEK2-expressing endothelial cells (arrowheads) and macrophages (arrow), in Case 12. Bar, 60 *µ*m.). Strong expression was observed in 80% of the specimens (2+, [Fig. 4B](#fig_004){ref-type="fig"}; and 3+, [Fig. 4C](#fig_004){ref-type="fig"}), while normal spleens were negative for MEK2 (control, [Fig. 4D](#fig_004){ref-type="fig"}). A total of 70% of the HSAs expressed MEK1 and 20% expressed p-ERK. In contrast, both MEK1 and p-ERK were not expressed in normal spleens.

DISCUSSION {#s3}
==========

It was previously shown that all human HSAs and hemangiomas (HAs) expressed VEGFR-2, although the staining intensity was stronger in HSAs \[[@r24]\]. In the present study, all HSA specimens expressed VEGFR-2, and 90% of these cases showed strong expression; however, VEGFR-2 was not expressed in normal spleens. Our findings are therefore consistent with those of the previous study, as VEGFR-2 expression was strong in canine HSAs.

Strong and focally positive c-kit staining has been demonstrated in most HSAs by immunohistochemistry \[[@r24]\]. Additionally, the RTK, c-kit and PDGFR-2 inhibitors, imatinib and dasatinib were shown to reduce the viability of canine HSA cell lines \[[@r9]\]. In the present study, 30% of HSAs displayed weak expression of c-kit and 40% of HSAs expressed PDGFR-2, with strong expression in 20% of these cases. However, normal spleens were negative for c-kit and PDGFR-2. Our findings suggest that c-kit and PDGFR-2 are specific antigens for canine splenic HSA. The RTKs VEGFR-2, c-kit, and PDGFR-2 are therefore potential molecular targets for HSA treatment. In addition, VEGFR-2 inhibition decreased murine renal cell and colon carcinoma burden by preventing vascularization and growth of micrometastases *in vivo* rather than by preventing the establishment of micrometastases. This previous study showed that the VEGFR-2 pathway contributed to the vascularization and growth of micrometastases \[[@r22]\]. There is evidence that cyclophosphamide- and etoposide-based metronomic chemotherapy (daily oral low-dose chemotherapy) can prolong survival in canines with splenic HSA \[[@r21]\]. However, a previous study showed that combinations of doxorubicin-based conventional protocols and cyclophosphamide-based metronomic protocols appeared to be more effective than either type of chemotherapy alone, although the increased survival times resulting from the current protocols were modest \[[@r36]\]. Treatment with the lower dose anticancer agent, metronomic chemotherapy, prevented vascularization of the tumor similar to VEGFR-2 inhibition. It has been suggested that the combination of such therapies that prevent vascularization, VEGFR-2-targeted therapy and metronomic chemotherapy may be effective for the treatment of canine HSA.

Previous immunohistochemical studies have also suggested that the Akt/m-TOR pathway is activated in human HSA \[[@r20]\], and activation of this pathway has been reported in cell lines derived from cases of canine melanoma \[[@r19]\] and osteosarcoma \[[@r12]\]. Furthermore, a recent immunohistochemical study found that the Akt/m-TOR pathway was activated in canine dermal HSA \[[@r28]\], and the PI3K signaling pathway was shown to be crucial for the proliferation of canine MCT cell lines \[[@r1]\]. In the present study, all HSA specimens showed expression of PI3K, 70% showed expression of m-TOR, and 30% displayed strong expression of PI3K. Therefore, the PI3K/Akt/m-TOR pathway might be an ideal candidate for molecularly targeted therapy in canine splenic HSA.

We found no p-Akt expression in HSAs or normal spleens. A previous study demonstrated that the detection of phosphorylated proteins in formalin-fixed tissues was difficult, especially in surgically obtained clinical tissue samples \[[@r4]\]. This is because the majority of phosphorylated proteins are lost within 60 min of collection \[[@r18]\]. A more recent study found that canine dermal HSA samples were small enough to be fixed quickly in order to retain phosphorylated proteins, and more than 75% of these samples were shown to express p-Akt by immunohistochemistry \[[@r28]\]. Unfortunately, it is unknown whether the samples used in our study were fixed within several minutes of resection. The present study was limited in terms of the use of samples submitted to the comparative pathologic laboratory that were not quickly resected during surgery. Formalin-fixed sections or fresh cryosections obtained within 60 min of surgery are required for immunohistochemical evaluation.

All the HSA samples in this study expressed MEK2, and 90% of these demonstrated strong expression. Of the samples, 70% showed weak expression of MEK1. It was previously shown that canine cardiac HSA tumor grafts were sensitive to the MEK inhibitor PD0325901 and that MEK signaling was necessary for the growth of HSA *in vivo* \[[@r2]\]. In addition, eIF4E, a downstream target of the PI3K/Akt/m-TOR and MAPK pathways, showed stronger expression in canine dermal HSAs compared to HAs by immunohistochemistry \[[@r28]\]. Our findings indicate that the MEK pathway could be a suitable target in the treatment of canine splenic HSA. Interestingly, canine cardiac HSA cellular isolates were previously shown to have higher levels of p-ERK2 than p-ERK1 by immunoblotting \[[@r2]\]. This is consistent with published data indicating that ERK2 may play a more prominent role in canine cardiac HSA. ERK is downstream of MEK; thus, MEK2 may play a more prominent role than MEK1 in canine splenic HSA. Overexpression of downstream components of the RTK pathways, such as the PI3K/Akt/m-TOR and MAPK pathways, indicates that a combination of inhibitors of these pathways may be effective for the treatment of canine HSA. In addition, a previous study demonstrated that mutation of exon-11 in c-kit was detected in high-grade canine fine needle aspiration (FNA)-mast cell tumors (MCTs) but not in low grade MCTs by polymerase chain reaction (PCR), and detection of this mutation by PCR might enable noninvasive grade evaluation of canine MCT \[[@r32]\]. It was recently shown that the phosphorylation levels of Akt and m-TOR were higher in canine HSA cell lines than in normal canine endothelial cells by western blotting \[[@r27]\]. In canine HSA, it has been suggested that obtaining samples by FNA of the tumor (e.g., splenic or hepatic tumors) and measuring the expression of the PI3K/Akt/m-TOR pathway (e.g., p-Akt and p-m-TOR) or the MAPK pathway (e.g., MEK2), or both using PCR may enable noninvasive and quick differential diagnosis of HSA from other benign tumors.

We found that only 20% of HSAs exhibited weak expression of p-ERK. In an earlier study, activation of the ras/MAPK pathway was observed in murine HSA using microarray and reverse transcriptase-PCR \[[@r16], [@r17]\], although p-MAPK expression was far lower in human HSA \[[@r3]\]. The same mechanism may regulate p-MAPK in canine splenic HSA. Moreover, three major MAPK subfamilies have been identified (p38, ERK and c-Jun N-terminal kinase in mouse glial and neuronal cultures by western blotting \[[@r14], [@r23]\], and p-ERK2 was shown to be expressed in canine cardiac HSA by immunoblotting \[[@r2]\]. Unfortunately, in the present study, it was unknown whether samples were fixed within several minutes of resection. This is a limitation of the present study and was true for p-Akt. If the sections were formalin-fixed or if fresh cryosections were small enough to be rapidly fixed in order to retain phosphorylated proteins, we may have found that canine splenic HSA was positive for this antigen.

In conclusion, our findings show that signaling of the RTKs, c-kit, VEGFR-2, PDGFR-2 and the PI3K/Akt/m-TOR pathway, and MEK pathway is increased in canine splenic HSA compared to normal spleens. These findings could provide the basis for molecularly targeted therapy in canine HSA.
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